Abstract Whole body vibration (WBV) is a novel modality that has been demonstrated to enhance muscular and cardiovascular functions reported to increase fibrinolytic activity. The purpose of this study was to examine the fibrinolytic response to WBV and exercise in men. Twenty healthy males (23.8 ± 0.9 years, 25.6 ± 0.2 kg m -2 ) participated in the study. Each subject performed three trials in randomized order separated by 1 week: exercise (X), vibration (V) and vibration ? exercise (VX). Exercise sessions consisted of 15 min of unloaded squatting at a rate of 20 per minute. Vibration sessions were conducted on a WBV platform vibrating for 15 min. Tissue plasminogen activator (tPA) and plasminogen activator inhibitor (PAI-1) were assessed at baseline and immediately after each condition. The increase in tPA activity was significantly greater in VX (0.87 ± 0.35 to 3.21 ± 1.06 IU ml -1 ) compared to X (0.71 ± 0.36 to 2.4 ± 1.13 IU ml -1 ) or V (0.83 ± 0.25 to 1.00 ± 0.37 IU ml -1 ) conditions, and greater in the X condition compared to the V condition. PAI-1 activity decreased significantly more in the VX (6.54 ± 5.53 to 4.89 ± 4.13 IU ml -1 ) and X (9.76 ± 8.19 to 7.48 ± 7.11 IU ml -1 ) conditions compared to the V (5.68 ± 3.53 to 5.84 ± 3.52 IU ml -1 ) condition. WBV does not augment fibrinolytic activity in healthy men.
Introduction
Fibrinolysis is the process by which fibrin clots are broken down or lysed. The primary regulators of fibrinolysis in humans are tissue plasminogen activator (tPA) and plasminogen activator inhibitor (PAI-1). tPA is the primary stimulator of fibrinolysis, while PAI-1 is the primary inhibitor (Cesarman-Maus and Hajjar 2005) . Fibrinolytic activity is stimulated by a number of factors including epinephrine, low blood glucose and shear stress on vascular endothelial cells (Cesarman-Maus and Hajjar 2005; Kamat et al. 1995; Chandler et al. 1992) . Low fibrinolytic potential is associated with an increased risk for an ischemic event (Kohler and Grant 2000; Womack et al. 2003) . Fibrinolytic activity increases during acute bouts of various types of exercise DeJong et al. 2006 ). This response is intensity and duration dependent (el-Sayed 1996b) , and is generally considered to induce a cardioprotective mechanism against exertion related cardiovascular events (Kohler and Grant 2000) .
Whole body vibration (WBV) is a novel modality designed to enhance muscle and cardiovascular function before or during exercise. Participants stand or perform exercises on a WBV platform that vibrates at a predetermined frequency and amplitude, transmitting the vibration from the platform up through the feet and legs. Most studies of WBV show neuromuscular and athletic performance improvements (Torvinen et al. 2002; Delecluse Communicated by Susan Ward. et al. 2003) . However, WBV has also been shown to increase multiple factors that regulate fibrinolytic activity. Increased plasma concentrations of epinephrine and norepinephrine, which have been observed during WBV (Goto and Takamatsu 2005) , increase fibrinolytic activity (Chandler et al. 1992; van der Poll et al. 1997 ). In addition, fibrinolytic proteins are synthesized in both sympathetic neurons (Jiang et al. 2002) and skeletal muscle (Hittel et al. 2003) . Thus, neuromuscular activation via WBV may impact fibrinolytic potential. However, the effects of WBV on fibrinolytic activity are unknown.
The primary purpose of this study was to examine the fibrinolytic response to exercise, WBV, and the combination of WBV and exercise in healthy men. It was hypothesized that plasma concentrations of active tPA would increase and PAI-1 would decrease in response to WBV and in response to exercise. It was further hypothesized that exercise with concurrent WBV would result in greater changes in plasma tPA and PAI-1 than either WBV or exercise alone.
Methods
Prior to commencement of this investigation, all study procedures were approved by the Institutional Review Board at Ball State University (BSU). Each participant provided signed informed consent and completed a health screening questionnaire prior to participation.
Subjects
Twenty college aged men (18-28 years) volunteered for this study. Subjects were not taking any medications, were non-smokers, and were free from any musculoskeletal injury or illness that could be exacerbated by participation in the study.
Study procedures
This study involved three different treatment protocols that were conducted on separate days each 1 week apart. Trials were chosen in random order. Testing took place between 6:00 a.m. and 10:00 a.m. to control for diurnal changes in fibrinolysis. Subjects arrived to the lab after fasting for 12 h and abstaining from exercise, alcohol, and caffeine for 24 h. Measures of height and weight were obtained using standard procedures. Subjects assumed a seated position for 20 min prior to a baseline blood draw. After the blood sample, the subjects performed one of the three protocols: exercise (X), vibration (V), or vibration with concurrent exercise (VX). Each protocol was conducted with the subject standing on the WBV platform in stocking feet.
Heart rate was determined using a telemetric monitor (Polar Electro, Kempele, Finland) at minutes 0, 5, 10, 15 for all three protocols. Ratings of perceived exertion (RPE) were obtained at minute 15 of the two exercise protocols (Borg 1978) . Due to lack of physical exertion during the vibration protocol, RPE was not taken during the V protocol. A second blood sample was taken within 2 min following the treatment.
Treatment protocols
During the V condition, subjects stood for 15 min with knees slightly bent on the WBV platform (Pineapple Pro, Hollywood, California) vibrating at a frequency of 30 Hz, amplitude 1.5 mm. In the X condition, unloaded squats were performed at a rate of 20 per minute for 15 min. Squatting was paced using an audio and visual signal from a metronome. The VX condition combined the exercise and vibration stimuli described in the previous two conditions.
Blood sampling/assays
All blood samples were obtained from an antecubital vein with minimal stasis using sterile procedures. Five milliliters of blood was first drawn into an EDTA-treated vacutainer tube, after which 5 ml was drawn into an acidified citrate solution (Biopool Stabilyte, Biopool International; Ventura, CA, USA). Citrated blood samples were immediately centrifuged for 20 min at 1,5009g and 4°C to obtain platelet-poor plasma. Plasma was separated into 0.4 ml aliquots and stored at -80°C until assayed. Determination of plasma concentration of active tPA and PAI-1 for each time interval was done using commercially available enzyme-linked immunosorbent assay (ELISA) kits (Chromolyze tPA, PAI-1, Biopool International; Ventura, CA, USA) according to manufacturer instructions. All samples were assayed in duplicates and the average of the two values was used in statistical analyses. EDTA-treated blood was drawn into microhematocrit capillary tubes (Fisher Scientific, Pittsburgh, PA, USA), which were sealed and centrifuged for 5 min. Hematocrit was measured in duplicate using a microcapillary reader (DAMON/IEC Division, Needham Hts, MA, USA), and used to correct post treatment values of tPA and PAI-1 for plasma volume changes (van Beaumont 1972) .
Statistical analysis
Plasma concentrations of tPA and PAI-1 as well as heart rates were analyzed using two way analyses of variance (treatment 9 time). Only 19 subjects were used in the determination of tPA and PAI-1 activity due to loss of plasma samples in 1 subject. Due to a malfunction of the heart rate monitor only 18 subjects' heart rates were analyzed. Post-hoc pairwise comparisons were done using Fisher's LSD method. Peak RPE for the X and VX protocols were analyzed using a paired samples t test. Statistical significance for all analyses was set at a = 0.05.
Results
Subjects recruited for this study were males of average age 23.8 ± 0.9 years with a body mass index of 25.6 ± 0.2 kg m -2 . Significant main effects of time and condition, and a time 9 condition interaction were observed for tPA activity. tPA increased significantly in the X and VX trials, but did not change in the V trial. The increase in tPA was greatest in the VX protocol compared to the other two protocols, and higher in the X protocol compared to the V protocol. tPA activity increased from 0.71 ± 0.36 to 2.37 ± 1.13 IU ml -1 in the X protocol; 0.83 ± 0.25 to 1.00 ± 0.37 IU ml -1 in the V protocol; and 0.87 ± 0.35 to 3.21 ± 1.06 IU ml -1 in the VX protocol (Fig. 1) . No main effect of condition was observed for PAI-1 activity, but a significant effect of time and time 9 condition interaction were apparent. PAI-1 decreased significantly during X and VX conditions but was unchanged during the V trial. The decrease in PAI-1 activity was greater in the VX and X protocols compared to the V protocol, but no difference was observed between the VX and X protocols. PAI-1 activity changed from 9.76 ± 8.19 to 7.48 ± 7.11 IU ml -1 in the X protocol; 5.68 ± 3.53 to 5.84 ± 3.52 IU ml -1 in the V protocol; and 6.54 ± 5.53 to 4.89 ± 4.13 IU ml -1 in the VX protocol (Fig. 2) . Heart rate increased significantly in each trial, but the response in the V protocol (pre, 75 ± 8 bpm; post, 90 ± 7 bpm) was significantly less than that in the VX (pre, 77 ± 13 bpm; post, 148 ± 19 bpm) and X protocols (pre, 71 ± 11 bpm; post, 139 ± 22 bpm). The heart rate responses in the X and VX protocols were not different. Likewise, peak RPE was not different between the X and VX protocols (13.7 ± 1.0 for both protocols).
Discussion
The purpose of the present study was to examine the effects of WBV and exercise on fibrinolytic activity in healthy men. Contrary to our hypothesis, WBV did not enhance fibrinolytic potential. However, WBV with concurrent, moderate-intensity exercise resulted in significant increases in tPA and decreased PAI-1. Furthermore, the increase in tPA activity observed during WBV with concurrent exercise was significantly greater than during the exercise trial. This finding supports the hypothesis that exercise with WBV would result in greater changes in fibrinolytic capacity than exercise alone.
Possible mechanisms underlying the greater tPA response during VX include the intensity of the exercise tasks. The fibrinolytic response to exercise is intensity dependent (el-Sayed 1996b), and it is conceivable that the differing results observed in the two exercise conditions is simply a function of subjects exerting more effort during the VX protocol than the X protocol. However, heart rate increased similarly during the two conditions and peak RPE was identical, indicating that exercise intensity was not different between the two exercise conditions. The tPA results may also be related to activation of skeletal muscle. An EMG study of healthy women indicates that WBV induces activation of vastus lateralis muscles (Cardinale and Lim 2003) . Recent findings suggest tPA is synthesized and released from skeletal muscle (Hittel et al. 2003) , leading to the speculation that muscle activation during the VX protocol may have supplemented the typical muscular tPA response to exercise. Sympathetic neurons (Jiang et al. 2002 ) also release tPA, and activation of the central sympathetic nervous system has been documented following WBV of varying frequencies (Ando and Noguchi 2003) . Another possible explanation for this finding is that increased catecholamine concentration, which has been observed during exercise (Christensen and Galbo 1983) as well as WBV (Goto and Takamatsu 2005; Bosco et al. 2000) , was elevated more during the VX protocol than the X or V protocols. Increased epinephrine and norepinephrine concentrations are known to induce increased fibrinolytic potential (Chandler et al. 1992; van der Poll et al. 1997) . Though catecholamines and muscle activation were not measured as part of this study, they may explain the major findings reported here. The effect of combined exercise and WBV on sympathetic responses and muscle activation are areas of future study that have yet to be explored.
Moderate-intensity aerobic exercise (60% heart rate reserve) decreases PAI-1 activity (Ivey et al. 2003) . Therefore, the PAI-1 decrease in the X and VX protocols of the present study was expected. However, it is unclear why the VX protocol did not result in a more pronounced PAI-1 change than the X protocol, as was observed for tPA activity. During exercise, the binding of tPA to PAI-1 increases due to elevated concentrations of plasma tPA relative to PAI-1. This typically results in a decline in measurable levels of active PAI-1. One might then expect that, because of the tPA results in the present study, exercise combined with WBV would induce a greater decrease in plasma PAI-1 than exercise alone. One possible explanation why this was not observed is related to accelerated secretion of PAI-1 from platelets during WBV. Hand vibration has been shown to stimulate platelet activation and ADP-induced aggregation in healthy men and women (Kent et al. 1994) . During activation, platelet a-granules secrete PAI-1 into the plasma and surrounding tissue. WBV may thus promote platelet activation and the subsequent release of PAI-1. During the VX protocol, platelet PAI-1 release may have offset the effect of the combined exercise and vibration stimulus on plasma levels of tPA, thus minimizing any difference in the concentration of active PAI-1 between the two exercise conditions. This potential mechanism is purely speculative, and should be addressed in future research efforts.
Limitations of the present study include the lack of control for physical fitness level. Physical activity and/or fitness may impact fibrinolysis at rest and during exercise (el-Sayed 1996a) . It is unclear if fitness would impact the fibrinolytic response to WBV. Also, since the implications of this study are related to cardiovascular risk, it would be worthwhile to study the effects of WBV and exercise in patients with cardiovascular disease to determine the effect of exercise plus WBV has on improving fibrinolytic potential in this population. Finally, this study only examined one side of the hemostasis equation. Though fibrinolysis is recognized as an independent contributor to cardiovascular events, assessment of coagulation would further elucidate the influence of WBV on thrombotic risk.
In conclusion, the present study suggests that 15 min of moderate-intensity squatting exercise with and without vibration increases fibrinolytic activity in healthy male subjects. Furthermore, fibrinolytic activity was found to be significantly greater during the sessions that combined exercise with WBV compared to the exercise alone, which may have implications related to cardiovascular risk associated with exertion.
